Abstract Identification of the presence of scaling in the river flow process has been a challenging problem in hydrology. Studies conducted thus far have viewed this problem essentially from a stochastic perspective, because the river flow process has traditionally been assumed to be a result of a very large number of variables. However, recent studies employing nonlinear deterministic and chaotic dynamic concepts have reported that the river flow process could also be the outcome of a deterministic system with only a few dominant variables. In the wake of such reports, a preliminary attempt is made in this study to investigate the type of scaling behaviour in the river flow process (i.e. chaotic or stochastic). The investigation is limited only to temporal scaling. Flow data of three different scales (daily, 5-day and 7-day) observed in each of three rivers in the USA: the Kentucky River in Kentucky, the Merced River in California and the Stillaguamish River in Washington, are analysed. It is assumed that the dynamic behaviour of the river flow process at these individual scales provides clues about the scaling behaviour between these scales. The correlation dimension is used as an indicator to distinguish between chaotic and stochastic behaviours. The results are mixed with regard to the type of flow behaviour at individual scales and, hence, to the type of scaling behaviour, as some data sets show chaotic behaviour while others show stochastic behaviour. They suggest that characterization (chaotic or stochastic) of river flow should be a necessary first step in any scaling study, as it could provide important information on the appropriate approach for data transformation purposes. caractérisation (chaotique ou stochastique) de l'écoulement fluvial devrait être la première étape de toute étude de l'invariance d'échelle, puisqu'elle peut fournir une information importante sur l'approche pertinente à suivre pour la transformation des données.
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INTRODUCTION
Understanding the behaviour of river flow process at different (temporal and spatial) scales is important to: (a) determine the predictability of river flow at different scales; (b) study the presence of scaling that may exist between them; and (c) identify the appropriate framework or model for transformation of data between such scales. Apart from prediction at different scales using data observed at the corresponding scales, a problem that has gained considerable importance in river flow studies is the transformation of data from one scale to another. In a temporal context, the word "transformation" generally refers to the "disaggregation" of low-resolution runoff data to high-resolution ones, since low-resolution data are usually available. However, in a spatial context it may refer either to the "upscaling" of data from smaller to larger scales or to the "downscaling" of data from larger to smaller scales.
Transformation of river flow data from one scale to another generally involves a fundamental assumption that the properties associated with the river flow process at these scales are related to each other. On the other hand, if the properties of the process are assumed to be independent of the scale of observation, then the process is said to exhibit "scaling" or "scale invariance." The type of such a scaling relationship is, in general, dependent upon the behaviour of the process at the different scales under consideration.
However, studies thus far investigating the possible presence of scaling in river flow data have essentially assumed a "stochastic" relationship between the properties associated with the process at different scales and, hence, adopted a "stochastic" framework to scaling. Such studies may broadly be grouped under either of the following two categories, based on whether the process can be characterized by: (a) a single "fractal" dimension, known as mono-scaling or mono-fractal approach (e.g. Mandelbrot & Wallis, 1968 , 1969 ; or (b) more than one fractal dimension or a dimension function, known as multi-scaling or multi-fractal approach (e.g. Schertzer & Lovejoy, 1987; Lovejoy & Schertzer, 1990) . Notable examples of the studies that have employed the mono-scaling approach to river flow are Mandelbrot & Wallis (1968 , 1969 and Radziejewski & Kundzewicz (1997) , whereas the study by Pandey et al. (1998) has employed the multi-fractal approach to river flow data.
A fundamental assumption involved in the use of a stochastic relationship between the properties of the process at different scales is that the properties exhibit stochastic behaviours at the individual scales. In other words, the river flow process is influenced by a large number of degrees of freedom, and small distortions in the initial conditions have little or no effect on the final outcomes. Even though significant progress has been made using stochastic assumptions in characterizing the river flow process and in transforming data from one scale to another, it is important to view these assumptions in a broader perspective, particularly in the wake of the advent of deterministic chaos theory.
Chaos theory recognizes that: (a) seemingly highly irregular behaviour of a process (e.g. river flow) could be the result of a simple deterministic system with only a few dominant nonlinear interdependent variables; and (b) small initial distortions might grow exponentially and, therefore, details may be important. These concepts not only raise concerns on the use of a stochastic assumption to "every" river flow process, irrespective of temporal and spatial complexity (or simplicity), but also indicate the suitability of a chaotic approach to describe the river flow process. Studies over the past few years employing the concept of chaos to river flow have only strengthened the above claims, as they have revealed the presence of low-dimensional deterministic behaviour in the river flow process (e.g. Jayawardena & Lai, 1994; Porporato & Ridolfi, 1997; Krasovskaia et al., 1999; Stehlik, 1999; Sivakumar et al., 2002) ; the possibility of accurate river flow predictions using nonlinear deterministic approaches (e.g. Porporato & Ridolfi, 1997; Sivakumar et al., 2001 Sivakumar et al., , 2002 ; and the superiority of these approaches over stochastic ones (e.g. Jayawardena & Gurung, 2000; Lisi & Villi, 2001 ).
The realization of the possible presence of chaotic behaviour in the river flow process stimulated researchers to employ the concept of chaos to a variety of problems related to river flow. These problems include characterization and prediction (Jayawardena & Lai, 1994; Porporato & Ridolfi, 1997; Krasovskaia et al., 1999; Stehlik, 1999; Jayawardena & Gurung, 2000; Lisi & Villi, 2001; Sivakumar et al., 2001 Sivakumar et al., , 2002 , noise reduction (e.g. Porporato & Ridolfi, 1997; Jayawardena & Gurung, 2000) and missing data estimation (e.g. Elshorbagy et al., 2001) . Despite an increasing number of such studies and the encouraging results achieved for a variety of river flow problems, the issue of scaling has never been addressed thus far. A preliminary attempt is made in this study to address the problem of scaling in river flow from a chaoticdynamic perspective, and the study is limited to temporal scaling.
While addressing the issue of scaling in river flow from a chaotic perspective, it is important to recognize the deficiency of the past studies in providing important information to this purpose. As mentioned previously, the type of scaling behaviour is generally defined by the behaviour of the process at the different scales under consideration; in other words, it may be necessary to study the behaviour at least at two different scales. However, none of the past studies that have employed the concept of chaos to river flow (except the one by Stehlik (1999) ) have analysed data of more than one temporal scale measured in the same geographic location, thereby eliminating the possibility of any interpretation regarding scaling.
Even though the study by Stehlik (1999) investigated the dynamic behaviour of runoff series at two different scales (i.e. daily and 30-min), no interpretation regarding the existence and type of scaling could be made, for the following reasons. First, the dynamic behaviours of runoff at the two scales studied were different; that is, the daily data were found to exhibit stochastic behaviour, whereas chaotic behaviour was observed in the 30-min data. Second, the difference in the range between the two scales studied seems to be large. Even though theoretically the term "scaling" (or "fractal") implies that the properties of the process are independent of the scale of observation, in reality this may apply only within a certain range of scales. For instance, it may be possible to observe some scaling behaviour between processes at daily and weekly scales, but looking for scaling behaviour between processes at minute and decadal scales may not be fruitful. In view of this, it is the authors' opinion that any interpretation on scaling behaviour for the data studied by Stehlik (1999) is difficult because of the large difference in scales (i.e. a factor of 48), which is also indirectly revealed in their individual behaviours-stochastic and chaotic, respectively.
However, the usefulness of the past studies in providing possible clues on scaling in river flow cannot be ignored, as they have reported the presence of chaotic behaviour in data observed at different scales (though from different locations). For instance, chaotic behaviour is reported for river flow data observed in at least three different scales, i.e. 30-min (Stehlik, 1999) , daily (e.g. Jayawardena & Lai, 1994; Porporato & Ridolfi, 1997; Jayawardena & Gurung, 2000; Lisi & Villi, 2001 ) and monthly (e.g. Sivakumar et al., 2001 Sivakumar et al., , 2002 . These encouraging results seem to suggest that it may be worthwhile to look for the possible existence of chaotic scaling behaviour in the river flow process over a range of scales.
As a first step in this direction, the present study investigates river flow data of different temporal scales observed in the same geographical location. For this purpose, flow data of three different scales, between daily and weekly scales, observed at each of three different rivers in USA are analysed. The underlying assumption is that the individual behaviour of the dynamics of the river flow process at these scales provides important information about the relationship between these scales. For instance, if the river flow at these different scales exhibits chaotic (or stochastic) behaviour, then the scaling relationship between them may also be chaotic (or stochastic). The correlation dimension (e.g. Grassberger & Procaccia, 1983 ) is used as an indicator of the river flow behaviour.
CORRELATION DIMENSION METHOD
The Grassberger-Procaccia correlation dimension algorithm uses the concept of phasespace reconstruction for representing the dynamics of the underlying system from an available time series. Using a single-variable time series X i , where i = 1, 2, ..., N, the (multi-dimensional) phase-space can be reconstructed using the method of delays, according to (e.g. Takens, 1981) :
where j = 1, 2, ...., N -(m -1)τ/∆t; m is the dimension of the vector Y j , also called the embedding dimension; τ is a delay time, and ∆t is the sampling time. For an m-dimensional phase-space, the correlation function C(r) is given by:
where H is the Heaviside step function, with H(u) = 1 for u > 0 and H(u) = 0 for u ≤ 0, where u = r -|Y i -Y j |, and r is the radius of a sphere centred on Y i or Y j . If the time series is characterized by an attractor, then the correlation function C(r) and the radius r are related according to:
where α is constant and ν is the correlation exponent or the slope of the logC(r) vs logr plot. The slope is generally estimated by a least-squares fit of a straight line over a range of r, called the scaling region. The presence/absence of chaos in the series can be identified using the ν vs m plot. If ν saturates after a certain m and the saturation value is low, then the system is generally considered to exhibit chaotic behaviour. The saturation value of ν is defined as the correlation dimension (d) of the attractor. On the other hand, if ν increases without bound with increase in m, the system under investigation is generally considered as stochastic.
DATA ANALYSIS, RESULTS AND DISCUSSION
In this study, flow data from three rivers in USA: the Kentucky River in Kentucky, the Merced River in California and the Stillaguamish River in Washington, are studied. For each of these rivers, data of three different scales (daily, 5-day and 7-day) are analysed. The original flow data available are mean flow values at daily scale; therefore, data corresponding to 5-day and 7-day scales are obtained by simply adding successive 5 and 7 daily values, respectively. The correlation dimension analysis of these data sets (nine in total) is carried out in an identical manner, implementing the Grassberger-Procaccia algorithm. For purpose of brevity, detailed analysis and results are presented herein for only one of these rivers (the Kentucky River); for the remaining two rivers, the results are only briefly presented. Table 1 presents some of the important statistics of these three series.
Results for the Kentucky River
Study area and data The river flow data studied herein were collected at the US Geological Survey station no. 03284000 near Winchester, Kentucky. This station is Phase-space reconstruction An important first step in the correlation dimension estimation of a time series is the reconstruction of the phase-space. The phase-space diagram is also a preliminary and useful tool to visualize the evolution of the system (through trajectories) that generated the time series and, hence, the region of attraction, if any. Examples of phase-space reconstructions for the daily, 5-day and 7-day flow series are presented in Fig. 2(a)-(c) , respectively. These figures show reconstructions in two dimensions (m = 2) and with delay time τ = 1, i.e. the projection of the attractor on the plane {X i , X i+1 }. As can be seen, a reasonably clear attractor is present for the daily series, while the attractors for the 5-day and 7-day series occupy larger spaces in the phase-space diagram. It is interesting to note that the transformation of data from high resolution (i.e. daily) to low resolutions (i.e. 5-day and 7-day) yields less clear attractors (or increased variability) in the phase-space, in spite of the fact that such transformation is essentially a smoothing procedure. Possible reasons for this could be: (a) the repeated occurrence of any value in the daily series; and (b) the presence of extreme values (of much higher order) in the 5-day and 7-day series when compared to that in the daily one (due to the summation of more than one extreme daily value).
It is important to note that an appropriate τ for the phase-space reconstruction is necessary because only an optimum τ gives best separation of neighbouring trajectories within the minimum embedding phase-space. If τ is too small, then there is little new information in each subsequent data element; this may result in an underestimation of correlation dimension. If τ is too large, and the dynamics are chaotic, all relevant information for phase-space reconstruction is lost, since neighbouring trajectories diverge; this may result in overestimation of correlation dimension (e.g. Havstad & Ehlers, 1989) . Even though extensive research has been conducted to resolve the issue of optimum τ selection, resulting in a number of methods and guidelines (e.g. Holzfuss & Mayer-Kress, 1986; Frazer & Swinney, 1986) , as of now, there is neither a clear-cut guideline nor a consensus on this issue (see Sivakumar (2000) for details).
In this study, τ is computed using the autocorrelation function method and is taken as the lag time at which the autocorrelation function first crosses the zero line (e.g. Holzfuss & Mayer-Kress, 1986) , as this approach has been widely used in chaotic analysis of hydrological series. The first zero value of the autocorrelation function attained is at lag times 95, 20 and 14 respectively, for the daily, 5-day and 7-day series. Whether, and how, these (large) delay time values translate to the actual physical mechanisms that occur in the river system is not known, since the time of concentration (or time base or time lag) for medium to large catchments is usually of the order of one or two weeks. However, the values seem to be related, in some way, to the memory of the process, since all of them reflect a time length of approximately three months (95, 100 and 98 days, respectively).
Computation of correlation function and correlation dimension
Having reconstructed the phase-spaces for the three flow series, the correlation functions and the exponents are now computed. Figure 3(a)-(c) shows the relationship between the correlation integral, C(r), and the radius, r, for embedding dimensions, m, from 1 to 15, for the daily, 5-day and 7-day series, respectively. As can be seen, the logC(r) vs logr plots indicate the presence of clear scaling regions that facilitate reasonably accurate estimates of the correlation exponents. Figure 3(d) presents the relationship between the correlation exponent values and the embedding dimension values for the three series. As can be seen, for all the three series, the correlation exponent value increases with the embedding dimension up to a certain point and saturates beyond that point. Such a saturation of the correlation exponent is an indication of the existence of deterministic dynamics. The saturation values of the correlation exponent (or correlation dimension) for the daily, 5-day and 7-day series are, respectively, 4.22, 4.63 and 4.87. The low correlation dimensions obtained for the daily, 5-day and 7-day
flow series indicate that the dynamic behaviour of the river flow process at these individual scales may be low-dimensional deterministic. A possible implication of this may be that the scaling relationship between the properties of the river flow process at these scales (i.e. between daily and weekly scales) could also be chaotic.
Chaotic scaling behaviour and number of variables According to phase-space reconstruction and correlation dimension concepts, the nearest integer above the correlation dimension value provides the number of dominant variables influencing the dynamics of the underlying system. In the present example, the river flow process at each of three scales is dominantly influenced by only five variables. It is reasonable to interpret, therefore, that there is a low-dimensional deterministic scaling relationship in the river flow process between all the scales ranging from daily to weekly and that such a relationship may be expressed with five parameters.
Results for the Merced River
For flow data from the Merced River considered herein, the gauging station (US Geological Survey station no. 11264500) is located at Happy Isles Bridge near Yosemite, California, at 37°43′54″ latitude and 119°33′28″ longitude. The drainage area of the basin is 469 km Fig. 4(a)-(c) , respectively.
The delay time values, computed using the autocorrelation function method, for the daily, 5-day and 7-day series are 71, 14 and 10, respectively. These values, in general, reflect a time length of about two-and-a-half months, which may be related to the memory of the underlying process. Figure 4 (d) presents the correlation dimension results for these flow series. The results indicate reasonable saturation of correlation exponents (except at very high embedding dimensions), with saturation values at about 3.5, 4.7 and 5.5 for the daily, 5-day and 7-day series, respectively. These results imply: (a) the presence of chaotic behaviour in river flows at these individual scales and, hence, possible chaotic scaling relationship between such scales; (b) the complexity and irregularity of flow dynamics increases with temporal scale aggregation of the process, from finer (i.e. daily) to coarser (i.e. 5-day and 7-day); and (c) the number of parameters dominantly governing the scaling relationship between daily and weekly flows ranges between 4 and 6. These results are consistent with those obtained for the Kentucky River with regard to the type of scaling behaviour (and also, approximately, to the number of dominant parameters).
Results for the Stillaguamish River
The Stillaguamish River basin is in the state of Washington, in the northwest region of the USA. The flow data considered for the present study were collected from the North Fork Stillaguamish River near Arlington in Snohomish county. The gauging station (US Geological Survey station no. 12167000) is located at 48°15′42″ latitude and The autocorrelation function method yields delay time values of 82, 16 and 11, for the daily, 5-day and 7-day series, respectively, suggesting a time length of about twoand-a-half to three months, possibly related to the memory of the flow process. The correlation dimension results for these three series are presented in Fig. 5(d) . The results suggest stochastic behaviour of flow dynamics at each of the daily, 5-day and 7-day scales, as no clear saturation of correlation exponents is observed. A possible implication is that the scaling relationship of the flow process between daily and weekly scales is dominated by a large number of parameters. However, the correlation exponents corresponding to m < 5 and m ≥ 5 show slightly different behaviours (larger and smaller increases in exponent values, respectively, with increasing m). This trend is observed also for the Kentucky River and the Merced River. Moreover, even though the type of scaling behaviour in the Stillaguamish River flow dynamics is different from that of the other two rivers (i.e. stochastic vs chaotic), the results are consistent in regards to the increase in complexity with increase in scale of aggregation (i.e. from finer to coarser).
Discussion of results
The correlation dimension results for flow data of three different scales (daily, 5-day and 7-day) from each of the three rivers studied herein indicate mixed/contrasting scenarios regarding the dynamic behaviour of individual flow series and also of the scaling relationship between them. The dynamics of flow and transformation between scales range widely, from a convincingly clear chaotic behaviour (flows from the Kentucky River) to a less-convincing chaotic behaviour (flows from the Merced River) to a convincingly clear stochastic behaviour (flows from the Stillaguamish River).
What exactly are the factors/mechanisms giving rise to these (different) types of flow/transformation dynamics is difficult to answer, at this stage. Possible factors include, among others, climatic conditions, drainage area, data aggregation, land use, flow magnitude, etc. For instance, there seems to be some positive correlation between data aggregation and flow complexity, i.e. dimension increases with increasing scale of aggregation (from daily to 5-day to 7-day). On the other hand, an insight into the flow magnitudes in the three rivers does not seem to indicate any clear correlation between flow magnitude and complexity of dynamics; however, it is premature, at this stage, to present any conclusion on this.
Studies investigating the influence of these factors and also of others, on dynamic and scaling relationship in flows are underway, details of which will be discussed in future articles. For the moment, it is sufficient to note that flow dynamics at individual scales and transformation dynamics between different scales may exhibit either chaotic or stochastic behaviour (depending upon a host of governing factors) and, therefore, it is important to identify the type of flow dynamic behaviour and employ the appropriate approach.
CONCLUSIONS
An attempt was made in this study to identify the (temporal) scaling behaviour (chaotic or stochastic) in the river flow process. Flow series at three different scales observed in each of three rivers in the USA were analysed. The correlation dimension was used as an indicator to distinguish between chaotic and stochastic behaviours. Flow series from the Kentucky and the Merced exhibited chaotic behaviour at these individual scales, whereas stochastic behaviour was observed in the flow series from the Stillaguamish River. A possible implication of such results is that the scaling relationship between the properties of the flow process at these scales could be chaotic for the Kentucky River and the Merced River and stochastic for the Stillaguamish River. Consequently, the river flow scaling relationship can be expressed using only a few parameters (as few as five) for the Kentucky River and the Merced River, while that for the Stillaguamish River may require a large number of parameters.
As the scaling relationship in river flow has traditionally been assumed as stochastic, the present results, indicating the possibility of chaotic scaling behaviour in river flow, are particularly interesting. These results indicate that an alternative approach is needed in order to explain scaling in river flow. Also, the reports by past studies that the use of low-dimensional chaotic approaches yielded not only nearaccurate predictions for river flow process (e.g. Porporato & Ridolfi, 1997; Sivakumar et al., 2001 Sivakumar et al., , 2002 but also better predictions than the stochastic approaches (e.g. Jayawardena and Gurung, 2000; Lisi & Villi, 2001 ) illustrate practical usefulness of such approaches.
In view of the wide use of stochastic approaches to the scaling problem in river flow and in the wake of the present results on the possible presence of chaotic scaling in river flow, an immediate and obvious question arises: Is the scaling behaviour in river flow stochastic or chaotic? Answering such a general question in a straightforward way (yes/no) may not be meaningful. The importance of this statement lies in the fact that the river flow process may exhibit different dynamic and scaling behaviours (ranging from chaotic to stochastic) depending upon the geographical, climatic and basin characteristics. The best way to deal with such a problem is to first study the river flow system at hand and identify its behaviour (whether stochastic or chaotic) and then use the appropriate approach (thus identified) to transform data from one scale to another.
